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Solid-state NMR spectroscopic techniques were used to investigate the secondary structure of the transmembrane peptide phospholamban
(TM-PLB), a sarcoplasmic Ca2+ regulator. 13C cross-polarization magic angle spinning spectra of 13C carbonyl-labeled Leu39 of TM-PLB
exhibited two peaks in a pure 1-palmitoyl-2-oleoyl-phosphocholine (POPC) bilayer, each due to a different structural conformation of phos-
pholamban as characterized by the corresponding 13C chemical shift. The addition of a negatively charged phospholipid (1-palmitoyl-2-
oleoylphosphatidylglycerol (POPG)) to the POPC bilayer stabilized TM-PLB to an α-helical conformation as monitored by an enhancement of the
α-helical carbonyl 13C resonance in the corresponding NMR spectrum. 13C–15N REDOR solid-state NMR spectroscopic experiments revealed the
distance between the 13C carbonyl carbon of Leu39 and the 15N amide nitrogen of Leu42 to be 4.2±0.2Å indicating an α-helical conformation of
TM-PLB with a slight deviation from an ideal 3.6 amino acid per turn helix. Finally, the quadrupolar splittings of three 2H labeled leucines
(Leu28, Leu39, and Leu51) incorporated in mechanically aligned DOPE/DOPC bilayers yielded an 11°±5° tilt of TM-PLB with respect to the
bilayer normal. In addition to elucidating valuable TM-PLB secondary structure information, the solid-state NMR spectroscopic data indicates that
the type of phospholipids and the water content play a crucial role in the secondary structure and folding of TM-PLB in a phospholipid bilayer.
© 2006 Elsevier B.V. All rights reserved.Keywords: Solid-state nuclear magnetic resonance spectroscopy; Phospholamban; REDOR; Membrane protein; Transmembrane domain; 13C CPMAS; Peptide tilt1. Introduction
Nuclear Magnetic Resonance (NMR) is a rapidly growing
technique to study large proteins, especially those that are
hydrophobic and for which crystallized forms unavailable [1–6].
The protein of interest in the current study is the transmembrane
segment of a 52 amino acid integral membrane protein, phos-
pholamban (TM-PLB). PLB is involved in the regulation of
calcium across sarcoplasmic reticulum (SR) membranes in
cardiac muscle cells [7]. After the release of Ca2+ during cardiac
muscle contraction, the calcium ATPase known as SERCA
reuptakes the calcium across the SR through a mechanism
hypothesized to involve a high Ca2+ affinity to low Ca2+ affinity
conformation [8]. Non-phosphorylated PLB inhibits this SERCA
conformation change through a mechanism that is not well⁎ Corresponding author. Tel.: +1 513 529 3338; fax: +1 513 529 5715.
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doi:10.1016/j.bbamem.2006.04.016understood [9, 10]. Phosphorylation of PLB at Ser16 and Thr17
lifts the inhibition of the SERCA conformation change. It is
hypothesized that a conformation change of PLB when phos-
phorylated may be the mechanism of PLB inhibition [11]. To
understand the conformation change of PLB, the structure of
wild-type PLB in its natural lipid must be explored first. Often a
cysteine to alanine mutant of TM-PLB is studied but the current
study explores the naturally occurring wild-type TM-PLB.
Elucidating the mechanism of PLB SERCA inhibition is very
important as it has recently been discovered that simple point
mutations in PLB result in dilated cardiomyopathy and congestive
heart failure at young ages [8,12].
Phospholamban consists of three structural domains: residues
1–20 which comprise the hydrophilic cytoplasmic domain, re-
sidues 21–30 that represent a short hinge or β-sheet segment, and
residues 31–52 that encompass the hydrophobic α-helical mem-
brane-spanning region [13–15]. There is still disagreement on the
structure of PLB embedded inside phospholipid membranes
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in lipid bilayers to form a homopentamer [11,16,17]. Chou and
coworkers have recently conducted solution-state NMR experi-
ments on the proposed pentameric form of PLB reconstituted in
DPC micelles. These results suggest that the transmembrane
segment of PLB is a tilted α-helical in the bilayer [18]. The
specific alignment of the five helices have been supported by Li's
mutagenic studies, which indicate a specific orientation of PLB,
with Leu42 and Leu39 near the lipid side of the pentamer [7].
Currently, there are three structural models that have been
proposed based upon spectroscopic studies and molecular mod-
eling techniques for pentameric PLB [19,20]. In one model, PLB
is composed of two α-helices connected by an unstructured/β-
sheet region with the cytosolic domain tilted approximately 50°–
70° with respect to the bilayer normal [18,19]. Another structural
model suggests a continuousα-helix with a tilt angle of about 28°
for PLB with respect to the bilayer normal [20]. Finally, a recent
solution NMR paper indicates that pentameric WT-PLB forms a
channel architecture with an unusual bellflower-like assembly for
the cytoplasmic segment [18]. Each of these structural models has
implications on the tilt angle of the TM-PLB with respect to the
bilayer.
As mentioned above, many experiments have analyzed the
monomeric form of PLB by mutating three PLB transmembrane
Cys with Ala residues, which inhibit the formation of pen-
tameric PLB [9,21,22]. 15N-labeled solid-state NMR spectro-
scopic studies on the AFA-PLB have indicated that the
monomeric form of PLB has one component that is nearly
transmembrane (hydrophobic segment, residues 31–52) and
another segment (cytosolic region) that lies on the surface of the
membrane [13]. The monomeric transmembrane helix makes an
approximate 10° angle with respect to the bilayer normal [13].
Previously, the solid-state NMR spectroscopic technique of
rotational-echo double-resonance (REDOR) on the monomeric,
mutated form of phospholamban has been used to determine the
distance between residues 15N-Leu37 and 1 Leu39 of transmem-
brane PLB incorporated into dimyristoylphosphatidylcholine
(DMPC) membranes [23]. The experiment yielded a distance of
3.2±0.2 Å. This value is very close to the distance of 3.26 Å
expected for an α-helical structure. In addition to the REDOR
results supporting the α-helical structure for monomeric PLB,
rotational resonance NMR data has been used to measure the 13C
homonuclear dipolar couplings between Leu42 and Cys46 which
is consistent with an α-helical conformation of monomeric PLB
[11,23,24]. In the present study, we will probe not the monomeric
form, but the pentameric form of naturally occurring TM-PLB in
longer chain POPC and DOPC phospholipid bilayers.
Three powerful solid-state NMR techniques that are often used
to probe the structural properties of integral membrane proteins
are 13C-CPMAS, 2H NMR, and REDOR spectroscopy [25–29].
13C cross-polarization magic angle spinning (CPMAS) is a solid-
state NMR spectroscopic technique that reveals isotropic
chemical shift spectra of solid powder samples. For peptides
and proteins, the isotropic chemical shift of the 13C carbonyl
carbon of amino acids depends upon the backbone torsion angles
and hydrogen-bonding pattern, resulting in a strong correlation
with the secondary structure [30–35]. In solution NMR spec-troscopy, certain solvents are known to induce α-helical sec-
ondary structural folding patterns. Similarly in lipid bilayers,
factors such as lipid:protein ratio, lipid charge, lipid composition,
and hydration level can affect the protein folding pattern. Thus, in
this study the effects of lipid charge and hydration on the
secondary structure of TM-PLBwith 13C CPMASwas explored.
2H NMR spectroscopy of specifically labeled amino acid
sidechains of proteins can be used to determine the tilt angle of
a peptide in a membrane and REDOR can be used to determine
inter-amino acid distances in proteins. The above three techniques
have been combined to study the folding and secondary structure
of PLB in lipid bilayers.
2. Materials and methods
2.1. Materials
Fmoc-amino acids and other chemicals for peptide synthesis were purchased
from Applied Biosystems Inc. (Forster City, CA). Fmoc-leucine-15N derivatives
and 2H-depleted water were purchased from Isotec (Miamisburg, OH). 1,2-
dioleoyl-phosphocholine (DOPC), 1,2-dioleoyl-phosphoethanolamine (DOPE), 1-
palmitoyl-2-oleoyl-phosphocholine (POPC), and 1-palmitoyl-2-oleoylphosphati-
dylglycerol (POPG)were purchased fromAvanti Polar Lipids Inc. (Alabaster, AL).
The phospholipidswere shipped already dissolved in chloroform at a concentration
of 20 mg/mL and stored at −20 °C. Chloroform, hexafluoro-2-propanol (HFIP),
formic acid and 2,2,2-trifluoroethanol (TFE) were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO). HPLC-grade acetonitrile and isopropanol were
obtained from Pharmco (Brockfield, CT) and were filtered through a 0.22-μm
nylon membrane before use. Water was purified using a nanopure reverse osmosis
system (Millipore, Bedford, MA). N-2-hydroxyethyl piperizine-N-2-ethane
sulfonic acid (HEPES), triflouro acetic acid (TFA), and EDTAwere also obtained
from Sigma-Aldrich (St. Louis, MO).
2.2. Peptide synthesis
13C and 15N site-specific isotopically labeled polypeptides corresponding to
TM-PLB Ala24-Leu52 ARQN(2H-L)QNLFINFC(2H-L)I(13C-L)IC(15N-L)LLI-
CIIVM(2H-L)L with the specific labels indicated were synthesized on an Applied
Biosystems Inc. (ABI) 433A solid-phase peptide synthesizer controlled by a G3
Macintosh computerwith SynthAssist™ 2.0 software as described previously [36].
Each deuterium labeled peptide was created individually and one dually labeled
13C, 15N sample was made for REDOR thus making four PLB peptides in all.
2.3. Peptide purification
The synthesized peptides were removed from the synthesizer and cleaved
from the resin. The lyophilized peptides were dissolved in HFIP/FA (4:1, at a
concentration of 5 mg/mL) and centrifuged to eliminate insoluble particulates.
The crude peptides were purified on an Amersham Pharmacia Biotech AKTA®
Explorer 10S HPLC controlled by Unicorn™ version 3 system software. A
polymer-supported column (259 VHP82215, 5 μm, 300 Å pore size, 2.2×15 cm)
from Grace-Vydacc was used to purify PLB. The column was equilibrated with
95% solvent A:5% solvent B. Solvent A consisted of H2O+0.1% TFA and
solvent B was 38% MeCN+57% IPA+5% H2O. A 1 mL aliquot of the (5 mg/
mL) peptide sample was injected into the column and the gradient was ramped
from 5% to 100% of Solvent B at a flow rate of 10 mL/min. Peptide elution was
achieved with a linear gradient to a final solvent composition of 93% solvent B.
The purified peptide fraction was lyophilized and analyzed by MALDI-TOF
mass spectroscopy using a matrix of 2,5-dihydroxybenzoic acid. The overall
yield of TM-PLB was about 37% [36].
2.4. Sample Preparation for 13C CPMAS and REDOR experiments
For the 13C CPMAS and REDOR experiments, 4 mol% protein with respect
to lipid was used. The lipid was either in a 3:1 ratio of POPC to POPG or pure
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and vortexed. To this mixture the lipids were added slowly, then transferred to a
small test tube. The resultant solution was then sonicated in a Fischer sonicator
with the heater turned off while covered for 15 min. Under a light stream of N2
gas, the test tube was dried until all the chloroform was removed. The test tube
was then placed in a vacuum dessicator overnight.
The resultant paste was packed tightly into a 4-mm diameter zirconium
oxide MAS NMR rotor purchased from Bruker. The inhomogeneity of the B0
field was minimized by filling the rotor to 50% of the total volume and by
centering the sample [37]. Using a small syringe, five or six holes were punched
into the sample, and the rotor was placed in a 100% humidity chamber for 20
h to complete the hydration process. Whenever the rotor was not in use, it was
stored at −20 °C in a freezer.
2.5. Sample preparation for mechanically aligned 2H experiments
The mechanically aligned samples were prepared by dissolving PLB in a
minimal amount of TFE and the solutionwasmixedwith DOPC/DOPE (4:1mole
ratio) dissolved in chloroform in a pear-shaped flask. Nitrogen gas was passed
over the resulting mixture to reduce the volume of the chloroform to a third of the
original volume. The sample was spread onto 25 glass plates of dimensions
8.5 mm×14 mm and the glass plates were allowed to dry in a dessicator
overnight. The peptide to lipid mole ratio was 1:100. Deuterium-depleted water
was added onto the lipid–peptidemixture and the glass plates were stacked on top
of each other. The stacked glass plates were then placed in a humidity chamber of
ammoniummonophosphate at a relative humidity of about 93% at 42 °C for 24 h.
2.6. Solid-state NMR spectroscopy
All NMR experiments were conducted on a 11.7 T Bruker AVANCE 500
MHz wide bore solid-state NMR spectrometer. The 1H–13C CPMAS NMR
experiments were performed with a Bruker triple-resonance CPMAS probe at
1H, 13C and 15N resonance frequencies of 500.13, 125.78 and 50.68 MHz,
respectively. The 1H 90° pulse length was 4.5 μs. Cross polarization was
performed with a contact time of 1.5 ms, 1H decoupling with a field of 60 kHz,
recycle delay of 3 s, and 16,000 scans were signal averaged [38]. The spinning
speed was controlled at 6000±1 Hz at a temperature of − 50 °C. Lorentzian line
broadening of 100 Hz was applied before Fourier transformation. All 13C
chemical shifts were referenced relative to tetramethylsilane (TMS) at 0 ppm.
For the mechanically aligned 2H samples, a double resonance flat coil solid-state
NMR probe of dimension 8.5 mm×14 mm was used operating at 25 °C and
40 °C. The quadrupolar echo pulse sequence was used with quadrature detection
capabilities and complete phase cycling of the pulse pairs [39]. A 3.0-μs 90°
pulse, a sweep width of 100 kHz, a recycle delay time of 400 ms, and a 30-μs
interpulse delay were used to accumulate 150,000 transients. Prior to Fourier
transformation, an exponential multiplication of 200 Hz line broadening was
performed on the spectra. Nearly identical 2H NMR spectra were obtained at
both 25 °C and 40 °C for the mechanically aligned TM-PLB samples.
The REDOR data were collected using a series of 15N π pulses with two
pulses per rotor cycle [40]. Phase cycling (XY8) was used to compensate for
errors in the flip angle, resonance offset effect and variation in the B1 field [40]. A
single 13C π pulse was used to refocus the chemical shift interaction. The
spinning speed was controlled at 6000 and 8000±1 Hz at a temperature of
−50 °C. 1H, 13C and 15N 90° pulse lengths were 4.5 μs, 6.2 μs and 7 μs,
respectively. The 1H–13C CP contact time was 1.5 ms, and a 1H TPPM de-
coupling of 60 kHz was applied during both dephasing and detection periods
[40]. The number of transients ranged from 16,000 to 32,000 to achieve
reasonable signal to noise ratios.
2.7. 2H Tilt Angle Analysis
The helical tilt angles for 2H were calculated using equations previously
derived in the literature [41–44]. The observed quadrupolar splitting (Δvq) for a
deuterated amino acid side chain in a peptide incorporated into aligned spectra
can be expressed as [41–44]:
Dmq ¼ ð3=4ÞKð3cos2etðcos s−sin s cos d tan etÞ2−1Þ ð1Þwhere e|| is the angle between the peptide helical axis and the side chain bond
vector, τ is the tilt angle defined as the angle between the peptide helix axis and
the bilayer normal (assumed to be along the magnetic field direction), and K is
the quadrupolar coupling constant [41]. δ is the rotation angle that depends on
the three angles shown below
d ¼ qþ e8 þ s ð2Þ
where ρ is the rotation of the helix when compared to a standard orientation, e⊥
is the angle of the bond vector with respect to a vector of the side chain to the
peptide axis, andφ is the angle between a reference residue and a labeled residue
given by (n-1)*100 where n is the number of residues from the reference residue.
K is given by
K ¼ ðe2qQ=hÞS ð3Þ
where e2qQ is the quadrupole interaction, h is Planck's constant, and S is the
order parameter. The tilt angle of the protein in DOPC bilayers was calculated
using a program written in C++. The parameter ρ was varied from 0 to 360° in
increments of 0.1° and τ was varied from 0 to 50° in increments of 0.1°. Values
for e|| and e⊥ of each leucine residue were gathered assuming that the C\D bond
vectors were averaged about the Cγ\Cδ bond. Leu28 was chosen as the
arbitrary reference amino acid with ρ=0°. The root mean squared deviation
(RMSD) was used to rank the possible values of ρ and τ. From modeling using
Insight II software and using the Mol–Mol molecular modeling software and
phospholamban model from the protein data bank (model 1FJK) [45], e|| =70°
and e⊥=32° for the leucine residues used in this study. For fast methyl group
rotation, the quadrupolar coupling constant was reduced by two third thirds
[46,47]. Thus, a quadrupolar coupling constant of 19 kHz was used for the tilt
angle calculations.
2.8. REDOR analysis and theory
REDOR NMR measures the dipolar interaction between two different
nuclei, which is inversely proportional to the cube of the internuclear distance
[48–54]. The net result of this pulse sequence is a decrease in intensity of the
observed nuclei chemical shift peak. The magnitude of this decrease is given by:
DS=S0 ¼ 1=2p
Z p
0
Z p
0
cosð/ÞsinðbÞdbda ð4Þ
where Sr is the reduced signal and S0 is the signal created by the REDOR pulse
sequence applied to the I nucleus without any pulses on the S nuclei. The
distance between the I and S nuclei can be found after curve fitting the expe-
rimental data to equation 4 by using [54]
r ¼ ðe0hgCgN=ð16p2DÞÞ ð5Þ
where ε0 is the permeativity of free space, γC and γN are the gyromagnetic ratios
of 13C and 15N, respectively. In the present experiment, the I nucleus is 13C and
the S nucleus is 15N [51]. Maximum distance measurements using these nuclei
are on the order of 5 Å [50]. Microsoft Excel was used to simulate the ΔS/S0
versus NcTrD (dephasing time) curves where ΔS= |Sr−S0|, Nc is the number of
rotor cycles before data acquisition, Tr is the rotor period, and D is the dipolar
coupling constant.3. Results
3.1. 13C CP-MAS solid-state NMR spectroscopy on TM-PLB
13C CPMAS solid-state NMR spectroscopy was used to
investigate the effect of hydration and choice of phospholipids
on the secondary structure and folding pattern of TM-PLB in
phospholipid bilayers. Previous 31P and 2H solid-state NMR
studies in our lab have indicated that TM-PLB incorporates into
POPC to form multi-lamellar vesicles (MLVs) in the Lα phase
[55]. Fig. 1A shows the carbonyl carbon region of the 13C
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incorporated into pure POPC phospholipid bilayers upon
hydration. The 13C NMR spectra were similar for samples at
temperatures ranging from −25 °C to 25 °C except an increase
in the signal to noise ratio was observed at −25 °C. There are
clearly two well-resolved peaks, one at 172.9 ppm and one at
175.9 ppm. The peak at 172.9 ppm corresponds to a β-sheet or
an unstructured component of the peptide, whereas the peak at
175.9 ppm corresponds to an α-helical structure [24]. While it
cannot be clearly seen, the natural abundance lipid 13C carbonyl
carbon chemical shift falls in between these two peaks at about
174 ppm. This resonance is not as pronounced as the two
intense peaks originating from the 13C-labeled Leu39 residue.
A second 13C_O labeled Leu39 TM-PLB peptide sample
was prepared with a mixture of lipids instead of using pure
POPC. Negatively charged POPG was used along with POPC in
a ratio of 3:1 (POPC:POPG). Fig. 1B shows the 13C CPMAS
NMR spectrum of this new sample prepared in the absence of
hydration. The spectrum reveals that there are still two intense
peaks, but the downfield peak, attributed to contributions from
the α-helical structural conformation of the peptide, is much
more intense and pronounced. The same sample was hydratedFig. 1. 13C-CPMAS solid-state NMR spectra of 13C_O labeled Leu39 TM-PLB
peptide prepared in different lipid/hydration environments at −25 °C. (A) TM-
PLB in a hydrated POPC bilayer, (B) TM-PLB is a POPC/POPG 3:1 molar ratio
without hydration, and (C) TM-PLB in a hydrated POPC/POPG 3:1 molar ratio.
The intensity of the upfield peak increases in resolution and height when going
from just POPC to the POPC/POPG mixture to the hydrated sample. CPMAS
spinning speeds were varied with comparable results from 6000 to 8000 Hz and
8000 transients were taken for each 13C CPMAS NMR spectrum.
Fig. 2. Solid-State NMR 13C–15N REDOR data on a 13C_O Leu39/15N-Leu42
TM-PLB peptide reconstituted into hydrated POPC/POPG bilayers for hetero-
nuclear distance measurements with dephasing times of (A) 12 ms, (B) 15 ms,
and (C) 18 ms. The spectra on the left side correspond to the normal 13C
undephased S0 reference solid-state NMR spectra. The spectra on the right side
represent the dephased spectra in which the 15N spins were excited.for 20 h and the resultant 13C CPMAS NMR spectrum (Fig. 1C)
yielded a pronounced change. The peak that was originally
located at 172.9 ppm disappeared and the S/N ratio of the
downfield peak increased dramatically. Thus, in the presence of
POPC and POPG phospholipid bilayers, Leu39 of TM-PLB is
predominantly folded into an α-helical structure. The small
shoulder to the right of the 175.9 ppm peak is due to natural
abundance carbonyl carbon from the lipids.
3.2. 13C–15N REDOR spectroscopy of TM-PLB
In order to extend the secondary structural analysis of TM-
PLB in phospholipid bilayers over a wider range of residues,
REDOR spectroscopy was used. REDOR is a widely used solid-
state NMR spectroscopic technique to probe heteronuclear
dipolar distances [27,28,56–58]. In this study, the 13C observed
(15N dephased) REDOR experiment measures the dipolar
dephasing by comparing signal intensities in 13C CPMAS
NMR spectra collected with and without 15N-dephasing π
pulses. 13C–15N REDOR was used to determine the inter helix
distance in the TM-PLB peptide. Fig. 2 shows representative 13C
observed REDOR spectra with (S) and without (S0) the
15N π
pulses for the 13C-Leu39/15N-Leu42 TM-PLB peptide recon-
stituted into POPC/POPG bilayers. The resonance peak at 176
ppm corresponds to the single label 13C_O on Leu39. The
small shoulder observed at 174 ppm corresponds to the natural
Fig. 4. 2H NMR spectra of 2H-labeled site-specific DOPC/DOPE mechanically
aligned phospholipid bilayer samples and randomly oriented control. The
spectra were collected at 25 °C. (A) 2H-labeled Leu28, (B) 2H-labeled Leu39,
(C) 2H-labeled Leu51, and (D) 2H-labeled Leu28 multi-lamellar vesicle sample
for comparison.
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the labeled 13C-Leu39 resonance is observed in the REDOR
spectrum above 12 ms. Four S0 and S spectra were acquired at
dephasing periods of 12, 15, 18 and 20 ms. Each pair of spectra
were then analyzed to determine ΔS/S0 which is (S0−S)/S0. All
of the dephased 13C spectra decreased in intensity with the larger
dephasing time. The ΔS/S0 values are plotted versus the
dephasing time in Fig. 3 along with simulated REDOR curves
corresponding to a 13C–15N distance between 4.0 Å and 4.4 Å.
The REDOR experimental data points (diamonds) match well
with the 4.2 Å REDOR simulated curve.
The near disappearance of the natural abundance lipid
contribution to the 13C signal in the REDOR experiment spectra
(Fig. 2) is due to the relative motion of the lipids compared with
the protein backbone. This is consistent with studies by Naito
and coworkers and Cornell and coworkers that demonstrate the
relatively low rate of motion of the protein melittin in DMPC
bilayers compared to the motion of the lipids at low temperatures
[59–61]. Even at −25 °C, motion of lipids such as DMPC have
spin diffusion rates of the order 100 ns [62] while the protein
backbone is frozen [63]. The contribution of the natural abun-
dance lipid carbonyls to the spectra is no longer present because
the signal has already diffused into the surrounding system
before detection because of the large amount of time between
pulsing the 13C of the system and acquiring data.
3.3. 2H NMR on mechanically aligned samples
The helical tilt of TM-PLB in mechanically aligned DOPC/
DOPE phospholipid bilayers was next investigated with 2H
solid-state NMR spectroscopy. DOPC/DOPE phospholipid
bilayers have been shown to be an excellent model phospholipid
system for reconstituting PLB and should have very close
bilayer widths to the POPC/POPG bilayers used in the 13C and
REDOR experiments [64]. The results of the 2H NMR study of
TM-PLB in DOPC/DOPE phospholipid bilayers on mechani-
cally aligned glass plates are displayed in Fig. 4. The mainFig. 3. 13C–15N REDOR data (shown as circles) and simulated REDOR curves
to fit the distance measurement. The REDOR simulation curves corresponding
to dipolar couplings that yield internuclear distances of 4.0 Å, 4.2 Å, and 4.4 Å
are displayed. The best fit is shown in the center with a 13C–15N distance of
4.2 Å.components of these three spectra include a small splitting of
0.9 kHz for Leu28 (Fig. 4A), and larger splittings of 2.2 kHz and
2.5 kHz for Leu39 and Leu51, respectively (Fig. 4B and C). The
isotropic peak in the center of the spectra is attributed to excess
water in the system. The poor signal to noise is caused by the
limited amount of peptide that will properly insert in me-
chanically alignable samples. The lineshapes of the aligned 2H
NMR spectra look dramatically different than those obtained
from unoriented multi-lamellar vesicles (an example of an un-
oriented spectrum is shown in Fig. 4D and is taken from
reference 16). Temperature did not have any major effect on the
2H quadrupolar splittings shown in Fig. 4. The same splittings
were obtained at both 25 °C and 40 °C for the mechanically
aligned samples. A tilt angle of 11°±5° was found of TM-PLB
with respect to the membrane normal [65]. Most of the error
associated with the tilt angle is due to the inability to perfectly
determine the S values for each labeled site and was estimated by
simulating how the error in quadrupolar splittings affected the
reliability of the tilt angle. Estimates of its value were taken from
randomly oriented 2H labeled PLB incorporated in POPC
bilayers (Tiburu, E.K. and Lorigan, G.A., unpublished data).
4. Discussion
4.1. Secondary structure of TM-PLB in phospholipid bilayers
The appearance of the two peaks in the 13C-CPMAS solid-
state NMR experiments shown in Fig. 1A indicates that the TM-
PLB peptide is in two different structural conformations in
POPC phospholipid bilayers. Previous solid-state NMR
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environment for a 13C-labeled Ala residue for the magainin
antimicrobial peptide [29]. In that study, the upfield peak is
attributed to either a β-sheet or an unstructured conformation of
the peptide. This was confirmed by FTIR and later 31P NMR
studies which showed that the β-sheet magainin peptide rests on
the outside of the lipid bilayer, while the α-helical portion must
have been inserted inside the bilayer [29]. The 3 ppm difference
between the two peaks in Fig. 1A is within the 2–6 ppm range
exhibited by 13C_O of α-helical proteins and are shifted
downfield with respect to those of the β−sheet or unstructured
form [66]. The upfield peak is most likely either a random coil or
β-sheet structural conformation of the TM-PLB peptide,
possibly even aggregated unstructured peptides that did not
insert properly into the bilayer. It should be noted that studies of
the conformational dependence of the 13C_O chemical shift
have been performed in systems that are not in phospholipid
bilayers. However, it is not necessary to consider the addition of
lipids because the chemical shift of the carbonyl carbons of an α-
helical protein are embedded into the center of the α-helix and
are shielded from the lipids [67] (Fig. 5).
The addition of a charged phospholipid such as POPG to the
POPC phospholipids enhanced the percentage of α-helical TM-
PLB components in the membrane protein sample (Fig. 1). This
is probably due to the fact that POPG has a net negative charge.
The orientation of this charge is such that in molecular dynamic
simulations, Na+ salts surrounding POPC bilayers barely in-
teract with POPCwhile they interact very frequently with POPGFig. 5. Model of the transmembrane segment of phospholamban in a
phospholipid bilayer. The peptide exists as a pentamer, but is shown as a
monomer for clarity. Labels shown are those used in the solid-state NMR
experiments and referenced in this paper. The 13C–15N labels measured using
the solid-state NMR REDOR technique are shown for clarity.lipids [68]. After 20 h of sample hydration, the upfield peak
attributed to the unstructured/β-sheet conformation of TM-PLB
disappeared in the POPC/POPG mixed bilayer. At the same
time, the α-helical peak increased dramatically. It would seem
that as the phospholipid bilayer is hydrated and forms more
completely, the charged POPG phospholipids helps the TM-
PLB peptide to fold and insert into the phospholipid bilayer.
Either in addition to helping TM-PLB to properly insert or an
alternative explanation of the decreased upfield peak, the ad-
dition of the surface charged POPG phospholipids may reduce
the formation of unstructured peptide aggregates. It has been
reported that upfield peaks of α-carbons in model peptides are
caused by the solvation effects and are due only to the structure
of the peptide [69]. Recent ab initio calculations and solid-state
NMR spectroscopic data have demonstrated that carbonyl car-
bons are also affected in a similar manner. Thus, it is reasonable
to conclude the upfield shifted peak is due to PLB that is in an
environment outside the bilayer affected by the water solvent
[70, 71]. A likely form of the PLB existing outside the bilayer is
as clusters of protein forming aggregates to avoid the hydrophilic
water environment. Charges in the bilayer originating from the
POPGmight cause a breakup of these aggregates or prevent them
from forming, resulting in more non-aggregated PLB ready to
insert in the bilayers as they are hydrated. The final result is the
absence of an unstructured/β-sheet peak and a much more
pronounced α-helical peak indicating that the TM-PLB peptide
is incorporated more fully into the charged POPC/POPG phos-
pholipid bilayer. Thus, the choice of phospholipid and degree of
hydration plays an extremely important role in the structure and
folding pattern of the transmembrane segment of PLB. Previous
work on this topic has shown that the M1 segment of the nAChR
by de Planque et al. also exhibits some conformational depend-
ence on lipid composition and hydration [72].
4.2. REDOR and TM-PLB Structural Model
The hydrophobic thickness of the POPC has been estimated
to be about 27 Å [73]. Assuming the number of amino acids per
turn in an α-helix is 3.6 residues, and the pitch is 5.4 Å, then the
translation per residue along the α-helical peptide will be 1.5 Å.
The distance result from the REDOR measurement indicates
that there is a translation of 1.4 Å per amino acid along the α-
helix. This is very close to a 3.6 amino acid per turn protein. If
we take into account the 5 Å polar headgroups of the lipids and
the 10° tilt of the protein, it is clear that 27 amino acids can span
the POPC bilayer. But, according to Tiburu and coworkers the
Leu51 of PLB is located 4 Å below the lipid water interface
[16]. This allows space for 25 amino acids to span the bilayer
places Leu28 outside the bilayer also in accordance with Tiburu
and coworkers [16].
Fig. 4 shows a structural model of TM-PLB in phospholipid
bilayers. For clarity, the structure is shown as a monomer. The
amino acids and the exact locations where the 13C–15N REDOR
distance measurements were taken are highlighted. Several labs
have shown that a PLB/lipid mole ratio as low as 1:100 will
spontaneously assemble into a pentamer in DOPC phospholipid
bilayers [9,74,75]. Since we have used 4 mol% TM-PLB for the
778 E.S. Karp et al. / Biochimica et Biophysica Acta 1758 (2006) 772–780REDOR studies, we expect to have mainly pentameric structural
conformations. However, such studies have also indicated the pos-
sibility of dynamic exchange between monomeric and pentameric
structures of PLB [9,74,75]. It is interesting to note that the α-helix
carbonyl carbon peaks in the 13C-REDOR spectra are quite narrow
(∼250 Hz). Since the frequency of the carbonyl 13C chemical shift
is sensitive to secondary structure and hydrogen bonding, the
relatively narrow line width indicates that there is not a wide range
of conformations in the TM-PLB peptide. Thus, we expect that
TM-PLB does not change its torsion angles at Leu37 to go between
monomer and pentamer form forwewould expect a broader peak if
they had different torsional angles [76].
Finally, the 11° tilt of the peptide in the bilayer supports a
model of PLB that has its cytosolic portion tilted greater than 50°
with respect to the bilayer normal [24]. This is the same as the
model proposed for the monomeric TM-PLB that is tilted 10°
with respect to the bilayer [19]. Therefore, there is considerable
evidence that there is no significant conformation or tilt change
of TM-PLB when it goes from its pentamer to its monomeric
form. Thus, a conformation change of the transmembrane por-
tion of PLB is most likely not responsible for the mechanism of
action of SERCA inhibition. In the transmembrane region near
Leu37, the current study agrees with the tilted α-helical nature of
the transmembrane region determined in the solution-state NMR
study of Chou et al. [18].
5. Conclusion
In conclusion, two important experiments have been des-
cribed in this paper to investigate the structural properties of
pentameric TM-PLB in a variety of different membrane systems
through the use of solid-state NMR spectroscopic techniques.
(1) 13C-CPMAS solid-state NMR spectroscopic studies,
revealed the folding pattern of TM-PLB in a variety of mem-
branes. The effect of adding a charged POPG phospholipid to a
POPC phospholipid bilayer (well and not well hydrated) signi-
ficantly increased the number ofα-helical structural components
of TM-PLB in the membrane. In addition, the α-helical structure
of the protein was further supported by the unique chemical shift
of the 13C CPMAS spectra. (2) Solid-state NMR 13C–15N
REDORdata were used tomeasure distance constraints over two
different residues on the TM-PLB peptide in POPC/POPG lipid
bilayers. The 13C–15N distance between the leucine residues of
42 and 39 was determined to be 4.2 Å and agrees well with theα-
helical structure of TM-PLB. (3) The tilt angle of PLB with
respect to the lipid bilayer normal of 11°±5° and the sharp peak
width of the 13C CPMAS spectrum of α-helical PLB indicate
limited differences between the monomeric and pentameric
transmembrane sections of PLB.
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